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We have measured the effective mass (m*) of the four flux composite fermion at Landau level filling 
factor V = 1/4 (*CF), using the activation energy gaps at the fractional quantum Hall effect (FQHE) 
states V = 2/7, 3/11, and 4/15 and the temperature dependence of the Shubnikov-de Haas (SdH) 
oscillations around f — 1/4. We find that the energy gaps show a linear dependence on the effective 
magnetic field -Be// {= B — -6^=1/4), and from this linear dependence we obtain m* — 1.0 m^ and a 
disorder broadening F ~ 1 K for a sample of density n = 0.87 x 10^^ /cm^. The m* deduced from 
the temperature dependence of the SdH effect shows large differences for 1/ > 1/4 and v < 1/4. For 
v > 1/4, m* ~ 1.0 me. It scales as VS^ with the mass derived from the data around v = 1/2 and 
shows an increase in m* as «/ — » 1/4, resembling the findings around v — 1/2. For u < 1/4, m* 
increases rapidly with increasing B^ff and can be described by m* /me — —3.3 + 5.7 x Bejf- This 
anomalous dependence on -Be// is precursory to the formation of the insulating phase at still lower 
filling. 

PACS Numbers: 73.40.Hm, 71.10.Pm 
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The composite fermion (CF) model has provided a uni- 
fied view of the fractional quantum Hall effect (FQHE) 
sequences around the even denominator Landau level fill- 
ing factors fl pj. Closely related to Jain's wavefunction 
approach ||^ Halperin, Lee, and Read [^ exploited a 
singular Chern-Simons gauge field transformation to ex- 
plain the electronic transport properties at, or near, the 
even-denominator fillings. In this model, around the Lan- 
dau level filling factor v = l/2(/) {(p is an integer), an 
even number 2^ fictitious magnetic fiux quanta are at- 
tached to each electron. The so formed composite parti- 
cles, still preserving Fermi statistics, are named the com- 
posite fermions. By so doing, the strongly interacting 
two-dimensional electron system (2DES) in high mag- 
netic (-B) fields is transformed into an equivalent non- 
or weakly interacting CF system experiencing smaller ef- 
fective B fields, Beff = B - B^^i/2^ (^^=1/20 is the 
B field at J/ = 1/2^). At 1/ = 1/20, where the at- 
tached fiux quanta cancel exactly the external B field 
(or Beff = 0), the CF's form a Fermi sea. This Fermi 
system has an effective mass {m*} dependent only on the 
electron-electron (e— e) interaction, which is proportional 
to e^/elB, where e is the dielectric constant of GaAs and 
the magnetic length Ib — {hc/eB^)^''^. Thus m* ex -\/B^. 
When the cancellation is not exact, the CF's see Beff and 
follow the semiclassical cyclotron orbits. At large Beff, 
cyclotron orbits of the CF's are quantized and the energy 
spectrum of the CF's breaks up into discrete Landau lev- 
els. The CF Landau level filling factor p is related to the 
electron Landau level filling factor 1/ through 
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where p = 1, 2, 3, • • •. 

The above picture was supported by the experiments 
around v = 1/2 {(j) = 1) p-[l5||. In particular, the acti- 
vation energy measurement Q of the prominent FQHE 
sequences i^ = ^^±1 showed that the energy gaps of the 
FQHE states in each sequence showed a strikingly lin- 
ear dependence on Beff emanating from -6,^=1/2 (the 
B field dX V ~ 1/2), consistent with the formation of 
CF's aX V = 1/2 (^CF's). From this hnear depen- 
dence an effective mass, m*, about one magnitude larger 
than the bare 2DES mass was obtained for the CF's 
§. The Shubnikov-de Haas (SdH) formalism |-|l| was 
also adopted to determine m* and the scattering time of 
^CF's. It was found from this analysis that m* was nearly 
constant for large positive and negative Beff, showed a 
Beff dependent enhancement for smaller Beff, and di- 
vergent as Beff -^ 0. 

The focus of all earlier experiments was on the ^CF's 
around j/ = 1/2 or around i' = 3/2 |l^. Other even- 
denominator filling factors, such as i^ = 1/4 ((/) = 2), was 
not fully addressed. In particular, will the CF's form 
at 1/ = 1/4? It is believed that Wigner crystal is the 
preferred ground state for 1/ < 1/5. If the CF's do form 
a,t ly = 1/4 CCF's), how do they compare to the ^CF's? 
So far, only a few preliminary experimental results about 
1/ = 1/4 exist in the literature P,nO,nj|. The recent study 
carried out by Yeh et al. ||l^ concentrated on the ^CF's 
at V — 3/4, the particle-hole conjugate oi v — 1/4. It 
should be apparent that this lack of experiments on the 
^CF's is mainly due to the fact that such an experiment 
is far more demanding. To resolve the FQHE sequences 
V = j^Y around v = 1/4, requires much higher quality 
samples and higher B fields. 
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We wish to report in this paper a systematic study of 
the ''^CF's at i/ = 1/4. We find that the energy gaps 
of the prominent FQHE states above v = 1/4, i.e., at 
1/ — 2/7, 3/11, and 4/15, show a hnear dependence on 
Beff {= B — By^i/4). From this hnear dependence we 
obtain an effective mass m* jra^ = 1.0, where rrie is the 
bare electron mass, and a disorder broadening F ~ 1 
K for a sample of density n = 0.87 x 10^^ /cm^. We 
have also studied the temperature dependence of the v = 
FQHE series as that of the SdH effect of the ^CF's 
as a function of i^e// on both sides 
oi V = 1/4. The m* deduced from the data taken for 
Beff < and from those taken for -Be// > differs 
considerably. For large negative i?e// (< —1.0 T), m* is 
nearly constant (m* /me ~ 1-0), in agreement with that 
from the activation measurement. It scales as ^/B^ with 
the mass derived from the data at lower B field around 
1/ = 1/2. An increase in m* is observed as Be// -^ 
0, resembling the findings around v = 1/2. However, 
for Beff > 0, m* increases rapidly with i?e// and can 
be described by m* /me = —3.3 + 5.7 x i?e// {Beff in 
Tesla) . We believe that this anomalous linear dependence 
on Beff is related to the formation of the insulating phase 
at still higher B, or smaller i/. 

We have investigated three samples (A, B, and C in 
Table I) from three different wafers. The samples are 
GaAs/AlGaAs heterostructures of electron densities n — 
(0.87, 0.85, 0.65) x 10" /cm^ and mobilities /i ^ (10.5, 
8.2, 6.6) X 10^ cm'^/Vs, respectively, after illumination 
by a red light-emitting diode (LED) at 4.2 K. The size of 
each sample is about 5 mm x 5 mm with eight indium 
contacts placed symmetrically around the edges, four at 
the corners and four in the centers of the four edges. A 
standard low-frequency ('^ 5Hz) lock-in technique was 
employed to measure the transport coefficients, using an 
excitation current varying from 0.1 nA to 1 nA. A cali- 
brated Ru02 thermometer of known corrections for mag- 
netoresistance was mounted next to the sample for the 
temperature (T) measurement. The experiments were 
performed in a top-loading dilution refrigerator with T 
down to 20 mK and B up to 18 T. 

Fig. 1 shows the diagonal resistance Rxx vs. B around 
p = 1/4 for sample A. The exceptional sample quality is 
manifested by the appearance of the higher order FQHE 
states ai V — 5/19, 4/17 and a very low resistance sA v = 
1/5. Rxx has been measured at many temperatures, and 
here we show two different temperature traces taken at 
T = 25 and 150 mK. The FQHE states at ^ = 2/7, 3/11, 
and 4/15 above v — 1/4 and at v = 2/9 below v = 1/4 
exhibit the typical quantum Hall liquid characteristic — 
the resistance minima decrease with decreasing T. The 
activation gap A is obtained from the T dependence of 
Rxx through Rxx oc exp(-A/2fcBT). In the inset, the 
activation gaps at 2/7, 3/11, and 4/15 are plotted against 
Beff — B — B^^i/4. They show a linear dependence on 
Beff with a negative intercept F at Beff — 0. This linear 
dependence, as expected for the ''CF's &t v — 1/4, allows 



us to obtain an effective mass, m* /m,e = 1.0, from the 
slope of the line via the equation A = heBeff/m*c — 
F |4|j|]. The negative intercept at -Be// = gives the 
disorder broadening of the CF Landau level, F ~ 1 K. 

We have also studied the T dependence of the v — j^j 
FQHE series as that of the SdH effect of the ■*CF's and 
deduced m.* on both sides of i/ = 1/4 [|9|-[l^. The ampli- 
tude of the SdH oscillations {AR) is obtained following 
the standard method p|, and is fitted by a nonlinear 
least-square technique according to the following equa- 
tion 
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where ^ = 2TT'^kBT/tiuj* = 2TT'^kBTm*c/ehBeff, cu* is 
the cyclotron frequency, and m,* is the effective mass. 
-Ro is the diagonal resistance at Beff = 0. All other 
symbols have their usual meanings. In the fitting, it has 
been assumed that the relaxation time r of the "^CF's is 
temperature independent. 

Since to* oc \J B^, we introduce a normalized mass, 
™'*nor — "t-*/a/B^ to take into account of the sample den- 
sity differences. Here m* is in units of me and B^, is 
the magnetic field at which Beff = 0, in units of T. 
In Fig. 2, m*Q^ for the CF's aX v = 1/4 is plotted as 
a function of Beff for all three samples: solid squares 
for sample A, open circles for B, and open diamonds for 
C. We also include the m*^^ for the ''CF's aX v = 3/4 
from samples D, E, and F of Yeh et al. ||l^ (noting that 
Beff = -3x{B-B^^3/i) for the "^CF's around 1^ = 3/4). 
In Table I we summarize the sample parameters for all six 
samples. Despite the large differences in n and /i, the nor- 
malized ^CF mass behaves very similarly: m*-^^^ ^ 0.26 



for Beff < -1.0 T, increases to ~ 0.33 at Beff = -0.7 T, 
and tends to diverge as -Be// — > 0, similar to the findings 
for ^CF's. For -Be// > 0, m*^^ is anomalously large. It 
shows a linear dependence on -Be// and can be fitted to 
m*Q^ — —0.88 -I- 1.5 X Beff, independent of n and /i and 
whether it is measured around i' = 1/4 or z^ = 3/4. 
It is clear from Fig. 1 that the v — j^j FQHE features 
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B show a large asymmetry across i^ — 1/4, 



and for v < 1/4, a strong T dependent background is 
observed to increase steeply with increasing B. The huge 
Rxx peak (~ 4 Mfl) between f = 2/9 and v = 1/5 is 
due to the reentrant insulating behavior attributed to 
the formation of a pinned Wigner solid |16|. Hence, it 
is not surprising that the ^CF mass deduced from the T 



dependence of the 1/ 
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FQHE features is anomalous. 



and it is natural to associate the observed asymmetry in 
m* vs. Beff with the formation of the insulating phase 
at still lower filling factors. It should also be noted that 
anomalously large ^CF m* was previously deduced from 
the 1/ = 4/5 FQHE data, and it was believed to be a 
consequence of the influence of hole localization of the 
electron- hole symmetric state at i^ = 4/5. In any case, 
the TO* in Table I is the ^CF mass obtained at large 
negative -Be// around ly = 1/4 and 3/4. 



We have also calculated m* at t/ = 2/7 for sample A 
following the mean field theory [Q, which relates to* to 
the Coulomb energy e'^/els via heBeff/m*c — g'^e'^/els- 
Here g"^ is a constant at v pTJ-pOJ and we used (;('^=2/7) _ 
0.024 from Ref. 20. m* was found, after corrected for the 
finite thickness of the 2DES p^, to be 0.9 me, very close 
to the measured value of 1.0 me- 

We now turn to the comparison between the *CF's and 
the ^CF's. For this purpose, we measured the SdH m* 
of the ^CF's of sample A, and plotted them as the solid 
circles in Fig. 3. The solid squares are the "'CF data for 
Beff < of the same sample. The *CF data for Be// > 
are not included. We also include the ^CF data from 
Refs. 9 and 12; they are represented by the open symbols 

— squares, circles, dot-centered up-triangles, and cross- 
centered down-triangles. Two important results emerge 
from Fig. 3. First, the to^^/s for "^CF and ^CF from the 
same sample are of the same magnitude within our ex- 
perimental error and show a similar dependence on -Be//- 
So far we are not aware of any theories predicting a same 
value of m* for the ^CF's and ""^CF's. On the contrary, if 
we regard the i^ = 1/4 state as the ly — 1/2 state of CF's 
emanating from i^ — 1/2, we would have expected to see 
different 7tt.*'s. Second, the ^CF mass from different sam- 
ples with different n and /i, varying from n — 0.87 x 10^^ 
/cm2 to 2.3 X 10" /cm^ and // = 2.5 x 10^ cmVVs to 
12.8 X 10^ cm^/Vs, also shows a similar dependence on 
Beff- The large spread in magnitude is to be expected 
in view of the large difference in disorder in the different 
samples as seen in the spread in their mobilities. 

In summary, we have measured the "^CF effective mass 
using the activation energy gaps at the FQHE states v 

— 2/7, 3/11, and 4/15, and the temperature dependence 
of the SdH oscillations around i' = 1/4. We find that 
the energy gaps show a linear dependence on B^ff, and 
from this linear dependence we obtain to* = 1.0 TOe and 
a disorder broadening F ~ 1 K. The to* deduced from 
the T dependence of the SdH effect shows an asymmetry 
for the negative and positive Be//- For i?e// < 0, m* ^ 
1.0 TTT-e for large negative Beff (< —1.0 T), shows a B^ff 
dependent enhancement for smaller B^ff, and divergent 
as Beff -^ 0. It scales as \/B^ with the mass derived 
from the data around v = 1/2 and 3/4. For -Be// > 0, 
m* is anomalously large and shows a linear dependence 
on Bf.ff. This behavior is believed to be related to the 
formation of Wigner crystal phase at still lower filling 
factor. 
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TABLE I. The density n and the mobiUty ^ for samples 
(A, B, C) and (D, E, F)^^, and the efltective mass m* for ''CF 
measured around i/ — 1/4 and v — 3/4. m* is in units of the 
bare electron mass. 



sample 



n (10" /cm^) ^ (10* cmVVs) m* m* 



A (03- 14-97-1 A) 
B (03-27-97-1 A) 
C (03-27-97-2A) 



0.87 
0.85 
0.65 



D (02-03-97-lA) 
E (10-19-91-lA) 
F (12-06-91-lA) 



0.86 
1.13 
2.26 
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Fig. 1 Pan et al. 
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FIG. 1. Rxx vs. B around v — 1/4 for sample A. The ver- 
tical lines mark the positions of filling factor v. Two traces 
at 25 mK (thick line) and 150 mK (thin line) are shown to il- 
lustrate the temperature dependence of Rxx- The inset shows 
the plot of the activation gap A vs. Be// at f = 2/7, 3/11, 
and 4/15. The straight line is a linear fit to the experimental 
data, m* is the effective mass of the ''CF's obtained from the 
activation measurement. F is the disorder broadening. 
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FIG. 2. rrinor vs. Be// around v — 1/4 for sample A 
(solid squares), B (open circles), and C (open diamonds). The 
results around v = 3/4 obtained by Yeh et al}^ for sample 
D (open up-triangles) , E (open down-triangle), and F (aster) 
are also included. The gray line is guide to the eye and the 
straight line is a linear fit to the data, m* is in units of nie- 
Bu is the B field where the CF's form, in units of T. 



FIG. 3. Comparison of rn^or 
The solid squares and solid circles represent m'^ar for *CF 
and ^CF respectively of sample A. The gray lines are guides 
to the eye. The open symbols (d, O) ^i 8'iid ^) represent 
the ^CF data obtained by Du et al,'^ and Coleridge et al}^ 
for their samples of densities (2.3, 1.13, 1.27, and 1.39) xlO" 



/cm^ and mobilities (12.8, 6.8, 3.5, and 2.5) xlO" 
respectively, m* is in units of me and B^ in T. 
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